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ABSTRACT 
 
 
The ability to detect chemical information from the environment is of critical importance 
to insects, whose ecological and evolutionary boundaries typically revolve around taste and 
smell.  Of the receptors involved in chemoperception, the gustatory receptor (Gr) protein family 
comprises most of the diversity in the insect chemoreceptor superfamily, including within it not 
only taste receptors, but select olfactory receptors as well.   
Manual annotation of the Gr family in the genome sequence of the yellow fever  
mosquito, Aedes aegypti Linnaeus, yielded a total of 114 potential proteins encoded by 79 genes. 
In the sequenced genome, 23 of these genes and protein isoforms are pseudogenic, leaving 91 
putatively functional Grs.  Comparison with the set of 76 Grs encoded by 52 genes in the 
distantly related Anopheles gambiae Giles mosquito revealed 13 new AgGrs encoded by eight 
genes.  Phylogenetic analysis reveals the conservation of carbon dioxide, sugar and several 
orphan receptors in these two mosquitoes and Drosophila flies.  Despite these similarities, most 
of these Grs are unique to mosquitoes and many are specific to the Aedes or Anopheles lineages, 
indicating their involvement in mosquito-specific aspects of both gustatory and olfactory 
perception.  In particular, most instances of alternative splicing in orthologous loci appear to 
have evolved after the culicine-anopheline split ±150 million years ago. 
Within the Gr family, it has been shown that Gr21a and Gr63 in Drosophila 
melanogaster Meigen combine to form a functional heterodimer for the perception of carbon 
dioxide.  These genes are highly conserved, along with a paralog of Gr21a, in mosquitoes.  We 
examined the presence of these genes in other insect lineages, and although highly conserved in 
some lineages (three mosquito species, silk moth and red flour beetle), the data suggest that 
arthropods likely evolved multiple strategies to confer recognition of carbon dioxide.  
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 The forthcoming mosquito Gr gene models will help serve as a necessary starting place 
for further research, as we expect the continued deorphanization of receptors to lead to novel 
methods for repelling pests and consequently slowing the spread of vector-borne disease. 
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CHAPTER 1: A BRIEF HISTORY OF DIPTERAN CHEMORECEPTOR RESEARCH 
 
1.1 INTRODUCTION 
Despite their delicate beauty in a seemingly fragile constitution of fine, spindly legs, lean, 
streamlined bodies and scale-dappled wings, the mosquitoes comprise what humans consider to 
be the most dangerous group of animals on the planet (e.g. Scott 2007), as their blood-sucking 
females are vectors of many human diseases.  Over time, this relationship has precipitated a 
barrage of studies aimed at fully understanding all aspects of mosquito biology, providing us 
with new opportunities to interrupt disease cycles.  One such method revolves around how 
mosquitoes perceive the volatile and soluble smells and tastes in their environments, perhaps the 
most important aspect of a mosquito’s life (e.g. Takken and Knols 1999). 
 
1.2 MOSQUITO TASTE AND SMELL 
 An acute sense of taste and of smell is an inescapable necessity for the mosquito.  Upon 
hatching, larvae need to accurately identify sources of food in their aquatic environment, be they 
microbes, yeasts, or even other mosquito larvae in the case of predatory species such as 
Toxorhynchites spp. and Psorophora ciliata Fabricius.  During pupation, the mosquito lives on 
stored energy reserves.  However after pupation, newly emerged mosquitoes must find energy 
sources in short order, usually in the form of nectar, to fuel their flights (Foster 1995).  The smell 
of a flower or rotting fruit can lead a mosquito to such nutritious sources of sugar.  With energy 
to fly, the mosquito is able to pursue a mate.  Although it is not known how a female mosquito 
finds a mating swarm (Takken et al. 2006), the attraction could be influenced by smell (Takken 
1999, Takken and Knols 1999) either alone or in combination with visual cues.  (And in the case 
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of mosquitoes that mate near their vertebrate host, olfaction plays a role in location of the site for 
both female and male mosquitoes; e.g. McIver et al. 1980).  After a male identifies the female, at 
least in part by wingbeat frequency (e.g. Cator et al. 2009), tactile chemoreception is an 
important factor in the actual act of mating, at least for some species, as the couple’s tarsi and 
bodies touch (e.g. Nijhout and Craig 1971, Lang 1977).  The resulting fertilized eggs can only 
develop with the nutrition the female mosquito derives from a bloodmeal (except in the case of 
autogenous species).  The source of a bloodmeal is located across distances via trails or plumes 
of carbon dioxide and other highly volatile host cues.  By orienting herself to the plume and 
toward higher concentrations of the kairomone(s), the mosquito targets a proximal host location.  
At closer range, less volatile cues and body heat undoubtedly become more important in 
orienting the mosquito to her host.  Relative concentrations of different host cues likely play an 
important part in host identification for specialist mosquito species, while CO2 has been 
speculated to be of more importance to generalist feeders (Takken and Knols 1999).  Upon 
landing on her host, the female uses tactile cues and taste to probe for an accessible capillary.  A 
gravid female will then use smell to locate an oviposition site, and in some species tactile 
chemoreception will confirm whether the aquatic habitat chosen is fit for her progeny (Bentley 
and Day 1989). 
 Interestingly, each facet of these ecological processes offers a certain level of 
evolutionary plasticity, whereby a relatively small change in genes responsible for 
chemoperception can lead to changes in host preference, mate choice, oviposition sites, resting 
areas, and other factors delineating ecological niche, which can then ultimately lead to speciation 
(Smadja and Butlin 2009). 
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 Physiological studies of mosquito taste and smell came early on, with classic feeding 
response experiments (e.g. Owen 1963, Salama 1966, Owen 1971, Pappas and Larsen 1976).  
These allowed for identification of chemoreceptors on the antennae, maxillary palps, labia 
(ligulae and labella), cibarium and tarsi.  Electrophysiology experiments (e.g. Lacher 1967, 
Bowen 1995, Werner-Reiss et al. 1999) added further detail to the definition of what mosquitoes 
could sense, including which sensilla they were using to detect these ligands and at what ranges 
of concentration.  Consequently, some details of the perception of smells and tastants in the 
mosquito were known, but the finer molecular details of these were yet to come.  
 
1.2.1 Chemoreceptors 
 The unraveling of the molecular basis of chemoreceptor function was initially stimulated 
by the Nobel Prize-winning discovery of a novel family of G protein-coupled receptors (GPCRs) 
expressed in the olfactory epithelia of rats (Buck and Axel 1991).  The search for Ors and Grs 
was then extended to the next most obvious laboratory model, Drosophila melanogaster Meigen, 
which would conveniently open the field up to studies in other insects.  The organization of the 
fly’s chemosensory system was already fairly well understood (e.g. Stocker 1994), with details 
known about types and numbers of sensilla and their neural projections into the glomeruli of the 
antennal lobe.  This laid groundwork for Clyne et al. (1999), Vosshall et al. (1999) and Gao and 
Chess (1999), who all nearly simultaneously identified the family of highly divergent genes 
encoding seven-transmembrane proteins (speculated to be GPCRs) expressed in sensilla 
responsible for taste and smell in Drosophila.  These were dubbed DOR genes (Drosophila 
odorant receptors), as they appeared to have the same or similar function as those found in rats.  
Shortly thereafter, Clyne et al. (2000) reported the discovery of a related, but separate, family of 
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chemoreceptor genes, which were expressed in Drosophila labella, implicating a taste function.  
These were then named GRs (gustatory receptors; later as “Grs”).  
 
1.2.1.1 Drosophila Ors 
With the newly found chemoreceptors in hand, next came the search for details of the 
specific expression locales of each receptor gene and then the obvious move toward functional 
analyses to elucidate ligand identities for each receptor.  de Bruyne et al. (2001) used a panel of 
47 different odors to screen olfactory receptor neuron (ORN) responses.  Among their findings 
was that one neuron in particular, ab1C, responded strongly to carbon dioxide, but to no other 
stimuli.  Störtkuhl and Kettler (2001) identified ligands for Or43a using a Gal4/UAS system 
(Brand and Perrimon 1993) to overexpress the Or in the antennae.  Wetzel et al. (2001) worked 
on the same receptor, but used a heterologous misexpression system in Xenopus laevis oocytes 
and found that the same ligands activated the receptor. 
Progressively more genes were analyzed, in greater depth and with new innovations.  Of 
particular note, Dobritsa et al. (2003) characterized the expression of Or22a and Or22b to 
include ligand specificity, ORN specificity, and found a sexual dimorphism in their expression, 
with more sensilla housing Or22a/b-expressing neurons found in females than in males.  
Additionally, they found that, although Or22b was expressed in the same neuron type as Or22a, 
it appeared to play no role in conferring odor sensitivity to those cells.  Dobritsa et al. (2003) also 
examined Or47a expression using an “empty neuron” system which would allow for functional 
analysis by misexpression of any Or by virtue of the Δhalo deletion.  The deletion, which 
removes a roughly 100kb fragment in the 22A cytogenic region in Drosophila, renders the ab3 
neuron unresponsive to odors, as Or22a nor Or22b are not expressed.  The discovery of this 
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groundbreaking technique ultimately led to a series of papers that would complete the 
determination of ligand-specificity profiles for most of the Drosophila Ors (e.g. Hallem et al. 
2004; Hallem and Carlson 2006). 
 
1.2.1.2 Universal Or 
Vosshall et al. (2000), in their expression studies and mapping of Or genes in Drosophila 
melanogaster, found that one gene, Or83b, was expressed in all olfactory sensory neurons 
examined.  It was then thought that this “universal Or” might play an essential role in ligand 
binding rather than being an actual olfactory receptor itself.  This unique Or had other 
peculiarities as well.  Robertson et al. (2003) noted that it shares a 78% identity with its ortholog 
in Anopheles gambiae s.s. Giles, which is far more than any other orthologous members of the 
gene family in Drosophila and Anopheles.  Others noted its high conservation between insect 
species as well (e.g. Krieger et al. 2002, Pitts et al. 2004, Melo et al. 2004).  Indeed, the high 
conservation made it an obvious early choice for characterization when new insect genome 
sequences were released.  
In determining the overall function of Or83b, Larsson et al. (2004) found that it is in fact 
expressed in most Drosophila olfactory sensory neurons and serves as an obligate partner to 
other Ors, allowing for their proper dendritic localization and resulting behavioral and 
electrophysiological responses to odorants.  In terms of biochemical mechanism, it was found 
that the Or83b receptor protein actually forms a heterodimer with its Or partner protein (Neuhaus 
et al. 2004, Benton et al. 2006) and is required for proper Or trafficking and localization (Benton 
et al. 2006).  Data derived from kinetics and ion-selectivity studies, in addition to patch clamp 
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recordings on exogenous cell membranes, provide evidence that these heteromeric Or complexes 
actually form ligand-gated ion channels (Sato et al. 2008). 
 
1.2.1.3 Drosophila Grs 
Focusing on the gustatory receptors, Scott et al. (2001) found that Gr expression was not 
restricted to taste organs, but that some were expressed in olfactory organs.  This showed that 
Grs not only comprised taste receptors, but included some odorant receptors as well.  So it 
appeared that it was the type of neuron that determined taste versus smell, not the class of 
receptor.  In addition to providing expression data for members of the Gr family, Scott et al. 
(2001) also found that neurons expressing Grs projected to discrete areas of the subesophageal 
ganglion (SOG; gustatory function) and antennal lobe (olfactory function).  Dunipace et al. 
(2001) came up with similar findings, having searched for members of the Gr family and finding 
54 genes.  Transgene expression analysis showed in vivo expression of Grs in cells of the 
antennae, maxillary palps, labial palps, labrum, cibarium, tibiae, tarsi and the anterior wing 
margin.  The group also showed that gustatory neurons expressed Grs but acknowledged that at 
least one Gr was expressed in olfactory sensilla, corroborating the evidence that Grs could have 
an olfactory function. Furthermore, their findings that neurons expressing Grs projected to 
specific regions of the SOG corroborated those of Scott et al. (2001).   
 Functional assays to work out the details of Gr ligand and taste specificity progressed as 
well, with some remarkably profound discoveries.  Work by Bray and Amrein (2003) showed 
that the functions of Grs were even broader than previously known.  They found that Gr68a is 
required in male Drosophila as coding for a receptor for female pheromone and is of particular 
importance in the tapping step (step 2) of Drosophila courtship.  A phylogenetically close 
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relative to Gr68a, Gr32a was subsequently found by Miyamoto and Amrein (2008) to be 
required to prevent the courting of other males and mated females, implicating Gr32a as 
encoding a receptor for a male-inhibitory pheromone.  While these studies suggest that Gr68a 
and Gr32a encode receptors for cuticular hydrocarbon pheromones, it has not yet been 
definitively demonstrated. 
In addition to having a wide variety of roles, Gr genes can comprise expression groups, 
whereby specific Grs are expressed in defined sets of neurons.  Thorne et al. (2004) showed that 
neurons in which Gr66a is expressed form a partially-overlapping set distinct from those 
expressing Gr5a, the trehalose receptor (Dahanukar et al. 2001; Ueno et al. 2001; Chyb et al. 
2003).  Inactivating the sets of gustatory receptor neurons expressing Gr5a or Gr66a revealed 
the distinction between sweet (Gr5a; trehalose) and bitter (Gr66a; caffeine) taste modalities. 
Wang et al. (2004) similarly found that the discrimination between favorable tastes and deterrent 
ones was defined in part by a non-overlapping pattern of Gr expression in taste neurons.  They 
found that cells expressing Gr5a were required to detect (and hence respond accordingly to) 
favorable tastes (sugars and low salt concentrations), while cells expressing Gr66a were required 
for avoidance (bitter compounds).  In general, Gr5a was not found to be expressed in cells 
expressing Gr66a, nor vice versa.  In addition, neurons expressing receptors for favorable tastes 
were found to project to one particular region of the brain, while those expressing receptors for 
deterrent tastes project to different regions of the brain (Wang et al. 2004).  This mechanism of 
acceptance and avoidance in response to tastes was further investigated by Marella et al. (2006), 
who found that activation of Gr5a and Gr66a cells was sufficient to elicit their respective taste 
behaviors, implicating a labeled-line model of taste coding in the fly’s peripheral nervous 
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system.  In the same year, Moon et al. (2006) published findings that Gr66a was essential for a 
taste response to caffeine in Drosophila. 
Robertson et al. (2003) expanded the Drosophila chemoreceptor repertoire to include 62 
Ors and 68 Grs encoded by 60 genes each.  Their phylogenetic analyses not only revealed the 
relationship of the genes within Drosophila, but showed that they were conserved in other 
insects as well, effectively comprising an insect chemoreceptor superfamily.  This set the stage 
for the work that follows, including some of my own as described below.  
 
1.2.1.4 Mosquito chemoreceptors 
 Before the genome was even published, our laboratory (specifically, Hugh Robertson) 
had already found four putative Anopheles gambiae s.s. Ors (AgOrs) through modified tBLASTn 
searches of partially sequenced BAC clones based on percentage identity and similarity to 
Drosophila Ors (Fox et al. 2001).  These were annotated (by both Hugh Robertson and Kim 
Walden) and provided to investigators in the Zwiebel lab of Vanderbilt University for further 
studies.  Interestingly, one of the Ors found (AgOr1) was both expressed in female antennal 
tissue and down-regulated 12 hours post-bloodfeeding (Fox et al. 2001).  (This finding would 
become more significant with the discovery of the receptor’s ligand three years later.)  Soon 
thereafter, the same group added a fifth Gr to the list, AgOr5, which interestingly is tightly 
grouped with AgOr3 and AgOr4 within the A. gambiae s.s. genome (Fox et al. 2002). 
With the release of the Anopheles gambiae s.s. genome (Holt et al. 2002) came the 
opportunity to continue and complete the identification of Ors and Grs of mosquitoes.  A multi-
laboratory collaboration resulted in the identification of 276 G protein-coupled receptors 
(GPCRs; Hill et al. 2002).  Of these, 155 were identified as putative chemoreceptors: 79 Ors and 
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76 Grs.  It was here that we first noted the strong conservation between Anopheles and 
Drosophila in a clade that would later be identified as containing the Grs for carbon dioxide 
perception.  The clade, with significant bootstrap support throughout, includes the Drosophila 
carbon dioxide receptor gene DmGr21a and its co-expressed partner DmGr63a paired with 
orthologs AgGr22 and AgGr24, respectively.  Also present, sister to the DmGr21a-AgGr22 
orthologs, we find AgGr23, a closely related A. gambiae s.s. gene not represented and presumed 
lost in Drosophila (Hill et al. 2002). 
 Initially, progress was made in the characterization of Anopheles gambiae s.s. Ors 
(AgOrs).  Notably, Hallem et al. (2004) found that 4-methylphenol, which had previously been 
identified as a component of human sweat having a stimulatory effect in female A. gambiae s.s. 
(Cork and Park, 1996), elicited strong electrophysiological responses specifically from 
Drosophila ORNs engineered to express AgOr1 using the “empty neuron” system of Dobritsa et 
al. (2003) described earlier. 
 Much like the DmOr83b findings in Drosophila, the mosquito ortholog AgOr7 was found 
to be very highly conserved and broadly expressed in the chemosensory tissues of A. gambiae 
s.s. (Pitts et al. 2004).  Shortly thereafter, this Or heteromeric constant subunit, or “universal Or” 
was also described in Aedes aegypti Linnaeus and was found to have similar attributes (Melo et 
al. 2004), as was the ortholog in Culex quinquefasciatus Say (Xia and Zwiebel 2006). 
The Zwiebel laboratory continued to advance our understanding of chemoperception in 
the mosquito.  Kwon et al. (2006) identified compounds which elicited responses from the 
labellum in Anopheles gambiae s.s., including some additional components of human sweat/skin 
emanations.   Interestingly, the group found via whole tissue and single sensillum RT-PCR 
assays that there were a number of Ors (including AgOr7) expressed in the proboscis, an organ 
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previously thought to serve an exclusively gustatory role in chemoreception.  Of particular note 
is the fact that, unlike in the mosquito, no olfactory activity was found in the Drosophila 
labellum, hinting toward another potentially interesting story behind the evolutionary and 
ecological history of the two lineages (Kwon et al. 2006).  The group would later find that 
characterization and functional analyses of AgOrs could be successfully conducted both via the 
empty ab13 neuron system in Drosophila (Carey et al. 2010) and through heterologous 
expression in Xenopus laevis (Daudin) oocytes (Xia et al. 2008; Wang et al. 2010).  Expression 
of larval AgOrs was investigated as well, with 13 found in larvae (Xia et al. 2008).  With only 12 
ORNs (Xia et al. 2008), A. gambiae s.s. larvae provided a convenient system in which to study 
behavioral effects of different odorants and modulation of Or expression (Xia et al. 2008; Liu et 
al. 2010). 
 Meanwhile, although the Grs of Anopheles gambiae had already been identified by Hill et 
al. (2002), they had yet to be characterized.  I set out to do so via RT-PCR experiments to 
determine the tissue-specific expression patterns of Anopheles Grs.  However, as technological 
methods and reporting of receptor findings evolved, it became more appropriate to run functional 
assays, not only detailing tissue expression locales of genes, but identifying their sensillar 
expression and ligand specificity as well.  As my charge was the Grs, I was well aware early on 
of one of the most significant discoveries looming in the background: AgGr22 was the putative 
ortholog of the carbon dioxide receptor in Drosophila melanogaster.  Consequently, I abandoned 
the RT-PCR work and spent three years working on a functional assay (via cloning the gene into 
Drosophila) to confirm the identification of AgGr22 as the carbon dioxide receptor in Anopheles 
(See Chapter 2).  Given the great significance of the work, various laboratories were trying to 
achieve the very same goal.  Competition came from Leslie Vosshall’s team at Rockefeller 
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University, as they had already described the obligate coexpression of DmGr21a and DmGr63a 
for carbon dioxide detection in Drosophila and the coexpression of AgGr22 and AgGr24 in 
mosquito maxillary palps (Jones et al. 2007).  The obvious next step was to replicate the ectopic 
expression and electrophysiology experiments in Anopheles.   However, the conclusive 
deorphanization of AgGr22 came from our collaborators in the Zwiebel Lab at Vanderbilt 
University (Lu et al. 2007).  
 With the release of the Aedes aegypti genome (Nene et al. 2007), came a new opportunity 
to annotate the putative Grs in the species, while the Zwiebel laboratory pursued the Ors (Bohbot 
et al. 2007).  In addition, the genome, along with the early availability of sequences from the 
Culex quinquefasciatus genome (Arensburger et al. 2010), allowed for cross-species 
comparisons within a lineage of genes associated with sugar perception (Kent and Robertson 
2009; Kent 2008).  Analysis of the molecular evolution of the sugar receptor (SR) genes reveals 
a complex history of gene loss, duplicative gain, and movement over time within Drosophila, 
Anopheles, Aedes and Culex, which we believe originated from a single ancestral sugar receptor.   
This dissertation will both a) cover the evolution of the carbon dioxide receptor gene 
lineage in insects and describe my attempts to determine the ligand of the Anopheles gambiae 
s.s. gene thought to be responsible for carbon dioxide detection, and b) describe the discovery 
and molecular evolution of the complete repertoire of Grs in Aedes aegypti.  Much of this work 
has been published as the following: 
Kent, LB, KKO Walden and HM Robertson. (2008) “The Gr family of candidate 
gustatory and olfactory receptors in the yellow-fever mosquito Aedes aegypti” Chemical 
Senses 33(1):79-93. 
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Robertson HM and LB Kent. (2009)  “Evolution of the gene lineage encoding the carbon 
dioxide receptor in insects”  Journal of Insect Science 9:19. 
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CHAPTER 2: 
ATTEMPTED LIGAND ASSIGNMENT (DEORPHANIZATION) OF AgGr22  
AND THE EVOLUTION OF THE INSECT CARBON DIOXIDE LINEAGE1 
 
2.1 INTRODUCTION 
As exciting as it was for our laboratory to hear of newly deorphanized Grs in Drosophila, 
being that we would then be able to predict the functions of the genes’ orthologs in mosquitoes, 
none had as much alluring appeal as the carbon dioxide receptor, the keystone of mosquito 
attraction to vertebrate hosts.  Not only important for many hematophagous arthropods in 
locating vertebrate hosts, carbon dioxide is an important volatile cue for insects in a variety of 
ways.  It plays a role in the ability of some moths to assess floral quality for both foraging and 
oviposition (e.g. Stange et al. 1995, Thom et al. 2004, Guerenstein and Hildebrand 2008).  
Honeybees monitor colony air quality by increasing ventilation behaviors when CO2 levels rise 
above ideal concentrations in the hive (Seeley 1974, Southwick and Moritz 1987).  Tephritid 
flies show attraction to CO2 over short distances, as it is emitted from the lesions on fruit skin in 
which the female flies oviposit (Stange 1999).  Other insects use CO2 to evaluate air quality, or 
even as an indicator of stress in other individuals.  Drosophilid flies show avoidance of high 
concentrations of CO2 (Suh et al. 2004), despite its presence in ripe fruit volatiles.  Interestingly, 
ripe fruit emits lower levels of CO2 than does unripe fruit, and the odor profile of stressed 
Drosophila melanogaster Meigen includes CO2 (Suh et al. 2004, Guerenstein and Hildebrand 
2008).  Thus, it can serve as a signal to avoid a particular situation or environment, rather than as 
                                                
1 This chapter includes work published in Robertson HM and LB Kent. (2009)  “Evolution of the gene lineage 
encoding the carbon dioxide receptor in insects.” Journal of Insect Science 9:19.  This work is included with our 
own copyright permission. Figure 1 is attributed to HMR. 
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an attractant.  With such a range of importance to insects, it was clear that identifying the carbon 
dioxide receptor would have myriad implications. 
 
2.2 ATTEMPTED DEORPHANIZATION OF AgGr22 
The quest for the carbon dioxide receptor in mosquitoes was greatly aided by discoveries 
made in Drosophila melanogaster.  de Bruyne et al. (2001) had already found a sensory neuron 
in Drosophila having an exclusive electrophysiological response to carbon dioxide.  These 
findings came from single cell recordings from the ab1C neuron within the large basiconic 
sensillum of the fly antenna.  The group and others had found additional evidence of the receptor 
gene responsible for carbon dioxide detection (M. de B., pers. comm.). These results came from 
studies using a GAL4-UAS system under a DmGr21a promoter control to express reporter genes 
to establish where the gene was expressed.  Findings indicated that DmGr21a was expressed in 
the large basiconic sensilla of the antenna.  Using a reaper (rpr) construct to eliminate most of 
the cells expressing DmGr21a, the group was able to test responsiveness to odorant stimuli.  
Compared with control flies, electroantennograms of those with diminished DmGr21a 
expression showed a reduced response only to carbon dioxide.  With this information in hand, 
the next logical step was to clone AgGr22, the putative ortholog of this gene in Anopheles, and 
its two close relatives, AgGr23 and AgGr24, as I had already performed RT-PCR experiments of 
the three genes in the mosquito. 
At this point, it was not apparent what role AgGr23 and AgGr24 might serve.  Perhaps 
they were duplications that had acquired related functions such as receptors for other small gases 
such as sulfur dioxide, ammonia, methane or chlorine.  We were aware of the potential role of 
the universal Or, as it was speculated that other Ors seemed to require DmOr83b as a co-
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expressed partner for proper function in Drosophila (Larsson et al. 2004).  Although it seemed a 
bit of a stretch to imagine that this too was a partner for Grs, we did not have any other leads.  
Perhaps AgGr22 required AgOr7, the universal Or ortholog, to function.  It was not imagined at 
this point that the answer might lie in a potential relationship between AgGr22, AgGr23 and/or 
AgGr24. 
A common attribute of Grs is their low expression levels.  It was difficult to obtain 
enough tissue to see a strong RT-PCR result.  This led to a good deal of troubleshooting and 
trying alternative strategies, such as nested PCR.  Of the three genes, AgGr22 was ironically the 
most difficult to establish expression results from chemosensory tissue cDNA.  Genomic DNA, 
however, often produced fine results.  By April 2003, I began preparing to clone AgGr22 into the 
vector pUAST by generating RT-PCR product bound by vector-compatible restriction sites.  
Additionally, I would use the same vector with an N-terminal myc-tag in the event that I needed 
a marker for immunohistochemistry.  A GAL4-UAS system was to be used, whereby I would 
create lines of Drosophila overexpressing one of each of my three anopheline genes of interest.  
In this design, all somatic cells should overexpress the gene.  In Drosophila, the CO2-sensing 
organ is the antenna, while in Anopheles it is the maxillary palp (e.g. Stange and Stowe 1999).  
Consequently, using electrophysiological methods focused on Drosophila palps 
(“electropalpogram”), I would be able to assess the effect of the overexpressed mosquito gene 
rather than any innate CO2 sensitivity from the fruit fly.  This simple design was thought to allow 
for the possibility of having the potential universal Or co-receptor, AgOr7, control where GAL4 
was to be expressed.  If AgOr7 was in fact expressed in all chemosensory cells, then both it and 
my genes of interest would be co-expressed, ideally leading to perception of carbon dioxide by 
the experimental fruit fly. 
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After many attempts to clone the genes from chemosensory tissue-derived cDNA, 
genomic clones were chosen for use in the experiments, as I was unable to derive enough 
product otherwise.  We hoped that the endogenous Drosophila system would allow for proper 
expression of the mosquito genes.  After what proved to be a very long struggle to perfect the  
constructs, I began injections of prepared yellow-white (yw) Drosophila embryos, using a 
standard germline transformation protocol from the laboratory of Huey Hing (H.H., pers. 
comm.).  I then developed and followed a series of crossing schemes that would balance each 
insertion event over a marker, identify the chromosome on which the insertion was located and 
establish stocks maintaining the insertion for functional analysis. 
Electropalpograms (EPGs) were conducted at Vanderbilt University in the laboratory of 
Larry Zwiebel, our collaborator.  Recordings were taken from a specific target area of the palp 
predicted to have a high chemosensory sensillum density, while a reference electrode was placed 
within the ocelli cluster.  I had chosen some of my AgGr22-UAS lines to test responses to carbon 
dioxide, using a direct supply line from a carbon dioxide tank connected to the delivery 
airstream.  No EPGs yielded any clear or reproducible positive responses to carbon dioxide.  In 
at least one case, there was what appeared to be a weak response, but it seemed as if it was more 
likely a mechanosensory response due to the high pressure of the CO2 gas line.  Positive controls 
were satisfactory, using hexanal for EPGs or CO2 for electroantennograms (EAGs). 
 Hyung-Wook Kwon of the Zwiebel laboratory, attempted some single sensillum 
recording EPGs of my lines.  There seemed to be some response, but rather than being a full 
depolarization, it was weak, similar to my earlier EPGs.  Again, it seemed as if the response seen 
was mechanosensory, as the weak response diminished with decreasing CO2 gas pressure. 
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 With the help of Michael Rützler of the Zwiebel laboratory, I attempted to examine the 
location of AgGr22 within the fly tissues via the myc tag incorporated into some of my lines.  A 
double-labeling protocol was used with goat Cy3-conjugated HRP (horseradish peroxidase) and 
mouse anti-myc followed by goat Cy2-conjugated anti-mouse to label prepared head sections of 
flies carrying AgGr22+pNmycUAST.  Slides were viewed on an optical microscope with 
fluorescent filter.  The results of the labeling showed above-background Cy2 signal in antennal 
neural bodies, but no clear evidence of labeling in the dendrites, possibly suggesting that the 
construct was expressed in the cell body, but not transported to the cell surface.  We did not see 
any signal from palps that could be considered above background.  The HRP Cy3 signal, 
however, was strong in all neurons of the sectioned tissue.  It may be worth noting that 
unsuccessful heterologous expression studies due to protein trafficking issues are not uncommon.  
As Rützler and Zwiebel (2005) note, there are many GPCR (and in particular, chemoreceptor) 
functional characterization experiments that were complicated due to failure of protein migration 
to the dendrite (e.g. McClintock et al. 1997, Gimelbrant et al. 1999, 2001). 
It now became clear that a key factor was missing, and that searching for Gr expression 
in Or83b-expressing cells was not a likely solution.  The use of Or83b to drive expression of a 
Gr had failed, as it would not allow the Gr protein to reach the cell surface.  In addition, Larsson 
et al. (2004) found that they could not detect Or83b in gustatory neurons.  Although the two did 
not seem to be associated, the missing component remained ambiguous. 
An answer soon came from Leslie Vosshall’s laboratory at Rockefeller University, via 
both successful double fluorescent in situ hybridization (FISH) experiments and ectopic 
expression studies of the genes of interest alone and in pairs in sensory neurons not normally 
responsive to carbon dioxide.  Jones et al. (2007) described the obligate relationship between the 
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Drosophila carbon dioxide receptor DmGr21a and a co-expressed and closely related partner, 
DmGr63a to confer perception of carbon dioxide.  In addition, they found that the system in 
Anopheles paralleled that of Drosophila.  AgGr22 and AgGr24, the putative orthologs of the 
CO2-implicated genes in Drosophila, were also co-expressed in same mosquito sensory neurons, 
are only expressed in organs responding to CO2, and the sensory neurons expressing the genes do 
not co-express AgOr7, the DmOr83b ortholog.  
We had hypothesized that the unique attributes and high conservation of the universal Or 
would most appropriately fit with something as standard and universal as carbon dioxide 
perception.  Consequently, it was a surprise to learn instead that the missing element was yet 
another co-receptor, and one so closely related to AgGr22.  At this point, it was too late to start 
new experimentation with lines of flies coexpressing AgGr22 and AgGr24 before others would 
complete the same.  
In the end, my colleague, Tan Lu, from the Zwiebel laboratory, and others, published the 
definitive paper outlining the complete olfactory sensory map of the Anopheles gambiae s.s. 
Giles maxillary palp, including carbon dioxide perception.  Lu et al. (2007) examined AgGr22, 
AgGr23 and AgGr24 expression using FISH, correctly reasoning that previous FISH experiments 
using AgOr7 may not have labeled carbon dioxide-responsive neurons.  All three genes were 
found to be expressed in the same AgOr7-negative neurons (cpA neuron), found only on palpal 
segments two and four.  The group found that the cpA neuron shares a sensillum with two other 
sensory neurons, one expressing AgOr8 and the other expressing AgOr28.  Of note, they 
determined that AgOr8 is tuned to 1-octen-3-ol, another significant vertebrate host volatile.  In 
the neural triad, the cpA cell is larger than the others, with more extensive dendritic branching.  
Lu et al. (2007) also reported results of their GAL4-UAS misexpression experiments and 
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functional assays of AgGr22, AgGr23 and AgGr24.  They used the empty neuron system of 
Dobritsa et al. (2003), to create lines of Drosophila misexpressing the genes in different 
combinations and doses. Using single cell recordings of the neuron, they found no response 
when co-expressing single gene copies of AgGr22 and AgGr24.  The response turned out to be 
dose-dependent and required two-fold expression of the AgGr22 and AgGr24 transgenes to elicit 
a robust response to carbon dioxide.  Interestingly, when AgGr23 was co-expressed with the 
other two genes (all three as single copies) in the empty neuron, there was also a marked carbon 
dioxide response (although not as high as when AgGr22 and AgGr24 were coexpressed two-
fold). 
 
2.3 EVOLUTION OF THE CARBON DIOXIDE RECEPTOR GENE LINEAGE IN INSECTS 
It appears that AgGr23 plays an active role in carbon dioxide perception, and its orthologs are 
present in other mosquito (Aedes aegypti Linnaeus and Culex pipiens quinquefasciatus Say), 
beetle (Tribolium castaneum; Herbst) and moth (Bombyx mori Linnaeus) lineages, yet it has been 
lost from drosophilid fly lineages (Robertson and Kent 2009).  Furthermore, the AgGr22 and 
AgGr24 orthologs are included in these other insects as well.  Strangely enough however, the 
triad of genes is missing from the available hymenopteran genome sequences (Apis mellifera 
Linnaeus and Nasonia vitripennis; Walker).  The genes also cannot be found via TBLASTN 
searches of draft assemblies nor raw NCBI Trace Archive reads for any basal arthropod lineage 
for which genome sequences are available (i.e. pea aphid, water flea, body louse and deer tick; 
see Figure 1).  However, we do know that at least some of these organisms are quite capable of 
detecting carbon dioxide.  Ixodes, for example, must sense CO2 to find vertebrate hosts (e.g. 
Holscher et al. 1980; Schulze et al. 1997; McMahon and Guerin 2002), while honey bees must 
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detect it to regulate air quality within the hive (e.g. Seeley 1974).  Consequently, there must be 
other methods of detecting carbon dioxide in these taxa. 
Clearly there are variations in the system, as it was demonstrated by Jones et al. (2007) 
that in Drosophila DmGr21a and DmGr63a form a heterodimeric receptor for carbon dioxide.  
Yet, if in mosquitoes and other lineages, the third gene is associated with enhanced CO2 
detection as well, questions arise as to whether similar heterodimers exist in those lineages and if 
so, how the protein product of the third gene interacts with it, if at all.  We have yet to determine 
exactly whether carbon dioxide itself is bound to a receptor, or if it is detected as a metabolite 
product of a earlier reaction (Jones et al. 2007). 
As far as the evolution of the AgGr22, AgGr23 and AgGr24 genes and their relatives in 
other taxa (which we name Gr1, Gr2 and Gr3, respectively, as a more convenient and universal 
convention), we propose that rather than having become highly conserved only after the split 
between the Hymenoptera and the more basal lineages, the genes are in fact present in some 
basal lineages, but just not the ones sequenced.  As the arthropods sequenced are a tiny sampling 
of the groups they represent in our analyses, it is entirely possible that they each independently 
lost these genes, either in conjunction with no longer sensing carbon dioxide, or having 
developed alternate strategies to do so. 
 The complete story behind carbon dioxide receptor evolution is likely to hold more 
surprises, just as did the search for its receptors in Anopheles gambiae.  Indeed, some 
hematophagous insects, even obligate blood feeders, show less of a dependence on carbon 
dioxide as a host cue than do others.  Although more studies are needed to complete a more 
definitive behavioral analysis, triatomine bugs show little activation when exposed to CO2, 
however they orient to its source, even in homogenous plumes (reviewed in Guerenstein and 
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Hildebrand 2008).   However, their attraction to CO2 is only found in the first hours of 
scotophase, correlating with when the insects seek hosts.  Despite this, CO2 isn’t required for 
triatomine bug attraction to hosts.  Sequencing these and other hematophagous insects will be 
necessary to complete the puzzle.  Also of particular interest would be genome information from 
nematoceran flies other than mosquitoes, such as members of the Chironomidae, 
Ceratopogonidae, Psycodidae, Simuliidae and Tipulidae.  And, as we already have the genes in a 
model brachyceran fly, sequences of other members of this suborder would be quite helpful as 
well, including those of the Tabanidae, Nycteribiidae, Oestridae, Hippoboscidae and 
Glossinidae.  It would be quite interesting to see if obligate parasites in these groups have 
completely lost these genes, despite their association with vertebrates, as a result of never 
straying far from their hosts.  
 A complete understanding of the carbon dioxide receptors of important disease vectors 
presents a unique opportunity in the development of control strategies.  Novel classes of 
repellents could be designed to target specific receptors, e.g. as receptor antagonists with high 
affinity, blocking host ligand binding.  Or, perhaps more ambitious, but not without challenges, 
there are also transgenic approaches that may be investigated to alter vector populations based on 
genetic manipulation of receptor gene sequences.  Additionally, there are tactics involving 
overstimulation of receptors to confuse and hinder the vector’s ability to locate a host (e.g. 
Justice et al. 2003).  Turner et al. (2011) show that prolonged activation of carbon dioxide-
sensing neurons impairs the ability of Anopheles gambiae to respond to carbon dioxide.  Tactics 
inspired by studies such as these, in combination with other novel methods and/or more 
traditional control measures will bring us closer to reducing the incidence and spread of 
debilitating arthropod-borne disease across the globe. 
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CHAPTER 3: THE GR FAMILY OF CANDIDATE GUSTATORY AND OLFACTORY 
RECEPTORS IN THE YELLOW FEVER MOSQUITO AEDES AEGYPTI1 
 
3.1 INTRODUCTION 
 Aedes aegypti Linnaeus ranks high among the mosquitoes of most critical medical 
significance, being the primary vector of yellow fever and dengue fever, which are responsible 
for roughly 200,000 and 50-100 million cases of each disease, respectively, worldwide per year 
(Tomori 2004, Mackenzie et al. 2004).  Additionally, this mosquito is able to transmit a variety 
of other viral diseases, as well as filarial worms, and it is also used as a laboratory model for 
avian malaria (e.g. Morlais et al. 2003, Thathy et al. 1994).  In a re-emergence and ongoing 
outbreak of chikungunya virus in India, in which A. aegypti is the presumed vector, 1.4 million 
cases of the disease were reported in 2006 alone (Pialoux et al. 2007).  As a consequence of its 
anthropophily and facile adaptation to breeding in domestic environments, this mosquito has 
become an efficient disease vector, contributing to thousands of human deaths per year.  In 
addition to its medical significance, A. aegypti has been frequently used as a model for 
physiological studies in insects—including chemoreception and phagostimulation research (e.g. 
Salama 1966; Lee 1974; Davis 1975; Werner-Reiss et al. 1999), thus laying the framework for 
application of molecular information unearthed by the recent sequencing of its genome (Nene et 
al. 2007). 
                                                
1 The following chapter has been submitted, accepted and published as: 
Kent, LB, KKO Walden and HM Robertson. (2008) “The Gr family of candidate gustatory and olfactory receptors 
in the yellow-fever mosquito Aedes aegypti” Chemical Senses 33(1):79-93.  It is included with our own copyright 
permission.  HMR contributed significantly to analysis. 
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 The insect chemoreceptor superfamily is defined as the combination of the odorant 
receptor (Or) and gustatory receptor (Gr) families, however the Ors are a single highly expanded 
lineage within the superfamily, while the Grs contain many highly divergent protein lineages that 
represent most of the diversity in the superfamily (Robertson et al. 2003).  The Gr family was so 
named because most of those first identified in Drosophila melanogaster Meigen (DmGrs) are 
expressed in mouthparts and other structures with gustatory functions (Clyne et al. 2000), 
however several of the DmGrs are expressed in olfactory organs such as the antennae and 
consequently are putative olfactory receptors (Scott et al. 2001; Suh et al. 2004; Fishilevich and 
Vosshall 2005).  Indeed, the heterodimer of DmGr21a and DmGr63a was recently shown to be 
the carbon dioxide receptor in flies (Jones et al. 2007; Kwon et al. 2007).  The Grs are defined by 
a conserved C-terminal motif, immediately after an ancient and common phase 0 intron (Clyne et 
al. 2000; Scott et al. 2001; Robertson et al. 2003).  This motif is hh(G/A/S)(A/S)hhTYhhhhhQF, 
where "h" is a hydrophobic residue, however even the highly conserved TY and QF positions are 
substituted in some Grs.  The insect chemoreceptors are generally considered to have seven 
transmembrane (7TM) domains and to be G-protein-coupled receptors (e.g. Hill et al. 2002), 
however hydropathy plots and study of two Ors indicate that the transmembrane domain 
arrangements might not be the same as most 7TM proteins (Benton et al. 2006).  Furthermore, 
these proteins have no sequence similarity to other GPCRs, specifically the vertebrate and 
nematode chemoreceptors which are members of the rhodopsin superfamily (e.g. Bargmann 
2006), and therefore at best are a completely independent class of GPCRs (e.g. Hill et al. 2002) 
or perhaps function in a completely different way. 
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3.2 MATERIALS AND METHODS 
 The Aedes aegypti assembled genome sequence v1.0 available at VectorBase, the National 
Center for Bioinformatics (NCBI), the Broad Institute, and The Institute for Genomic Research 
(Nene et al. 2007) was searched using the TBLASTN algorithm (Altschul et al. 1997) for 
matches to all of the AgGrs from Anopheles gambiae Giles annotated by Hill et al. (2002), as 
well as all 68 DmGrs (Robertson et al. 2003) and the 10 AmGrs from the honey bee Apis 
mellifera Linnaeus (Robertson and Wanner 2006).  Additional searches were performed in which 
the EXPECT significance value was relaxed to 1000 to find highly divergent genes sharing only 
weak statistically-insignificant similarity in their TM7 C-terminal regions.  Gene models were 
built manually in the text editor of PAUP* v4.0b10 (Swofford 2002), using the AgGrs as guides 
when appropriate.  The Splice Site Predictor using Neural Network at the Berkeley Drosophila 
Genome Project (http://www.fruitfly.org/seq_tools/splice.html) was used to help predict splice 
sites.  Regions causing pseudogenization of gene models were checked against the raw reads at 
the NCBI Trace Archive to establish whether they were polymorphic or misassemblies.  
Apparent pseudogenes were translated as best possible to produce a comparable protein product 
for phylogenetic analysis, for example, by ignoring in-frame stop codons in exons and judicious 
introduction of frameshifts to accommodate insertions and deletions.  AaGr and AgGr proteins 
were aligned with CLUSTALX (Thompson et al. 1997), using multiple alignment mode with 
default settings.  These alignments were used to detect potential problems with the gene models, 
which were then refined.  All AaGr gene models were compared with those available in the 
15,419 high-confidence gene set in Genebuild 1.0 (AaegL1.1) of the genome annotation, as well 
as 15,396 “supplementary” gene models available at VectorBase (Nene et al. 2007).  All amino 
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acid translations are available in a supplementary online file (Kent et al. 2008).  Note that while 
these genes and proteins are formally named as GPRgrs in Ensembl and VectorBase, and this 
convention was used in Hill et al. (2002), we will use the abbreviation Gr with the species 
suffices Aa and Ag for simplicity and in keeping with conventions in the insect chemoreceptor 
community (e.g. Dunipace et al. 2001, Dahanukar et al. 2001, Dobritsa et al. 2003, Robertson et 
al. 2003, Robertson and Wanner 2006). 
 The phylogenetic analysis employed a final CLUSTALX alignment with a few 
pseudogenic sequences removed due to their relative incompleteness (see Figure 2 legend).  In 
addition, extreme N- and C-termini were excluded, as a consequence of their highly divergent 
lengths and sequences.  Three short internal regions of alignment gaps found in most sequences 
were excluded from the data set as well.  Phylogenetic analysis of this large set of 200 often 
highly divergent proteins was performed using corrected distance analysis in TREE-PUZZLE v 
5.0 (Schmidt et al. 2002) and PAUP*v4.0b10 (Swofford 2002) (see Hill et al. 2002; Robertson et 
al. 2003; Wanner and Robertson 2006).  Bootstrap analysis was performed using 10,000 
replications of uncorrected distance analysis in PAUP*.  Subtree analysis was performed using 
custom alignments and phylogenetics described in the Results. 
 
3.3 RESULTS 
3.3.1 AaGr and AgGr gene models 
 We identified 79 genes in the AaGr family.  We interpret nine of these genes to be 
alternatively spliced yielding a potential 114 encoded Gr proteins, however 23 of these genes or 
alternatively-spliced exons are pseudogenes in the sequenced genome, leaving 91 putatively 
functional Grs (Table 1; Figures 2 and 3).  In Anopheles gambiae (Hill et al. 2002), and in 
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Drosophila melanogaster (Robertson et al. 2003), some of the chemoreceptor pseudogenes in the 
sequenced strain are intact in other strains and sometimes even in alternative haplotypes within 
the sequenced strain.  This is also true for some of the AaOrs (Bohbot et al. 2007).  We, 
however, detected no examples of pseudogenes in the available Aedes aegypti assembly that 
were intact in alternative alleles, and we have not examined other strains of A. aegypti.  We 
retained and named the pseudogenes in the AaGr gene set if they encoded more than 200 amino 
acids, which is roughly 50% of a typical Gr.  The relevance of these retained pseudogenes lies in 
our expectation that some of them will be “flatliners” (Stewart et al. 2005) that are intact in other 
strains of A. aegypti, while the remainder provide evidence about how this gene family has 
evolved.  We ignored six fragments of genes that encoded less than 200 amino acids. 
 
3.3.2 Unique characteristics of AaGr annotations 
 The AaGr gene models were often difficult to annotate in part because they commonly 
encode extraordinarily divergent proteins and many do not have simple AgGr orthologs.  Most of 
the relatively conserved genes and some quite divergent genes were at least partially annotated in 
the AaegL1.1 Genebuild of the genome-wide automated annotation reported in the main genome 
paper (Nene et al. 2007) and deposited in VectorBase and Ensembl, which consists of 15,419 
“high-confidence” gene models.  Forty-one AaGr proteins are at least partially present in 
AaegL1.1, of which 11 agree with our models.  The other 30 require at least some modification 
(see Table 1).  In addition, another 36 gene models are partially represented in the 15,396 gene 
“supplementary” gene set available from VectorBase (Table 1).  Gr predictions in AaegL1.1 and 
the supplementary gene set—particularly the alternatively-spliced loci—are commonly 
concatenated to encode single large proteins, unlike the unique splice variants found in our 
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annotations.  Many of the genes contain long introns that include retrotransposons, which is a 
general feature of this genome (Nene et al. 2007).  These were considered to be intact genes if 
the retrotransposons did not appear to affect the intron splice sites.  The 23 pseudogenes are 
denoted by the suffix P in Table 1.  All of our gene models have been communicated to 
VectorBase for inclusion in the next version of the Ae. aegypti genome annotation, which will 
also be deposited in Ensembl. 
 There were several instances of highly divergent AaGrs and AgGrs that did not appear to 
have obvious orthologs in the other species.  We searched intensively for possible orthologs 
using TBLASTN queries, and also undertook extensive PSI-BLASTP searches at GenBank.  The 
latter were executed starting with each AaGr and AgGr in turn as a query and reiterated until the 
only new proteins from Ae. aegypti or An. gambiae were the distantly related Ors (Robertson et 
al. 2003).  This search method depends on the genes already being at least partially annotated in 
the automated AaegL1.1 Genebuild for Ae. aegypti or the Ensembl annotations for An. gambiae.  
Together these searches using the divergent AaGrs led to the discovery of eight new AgGr genes, 
AgGr53-60, encoding 13 new AgGrs through alternative splicing of the AgGr56 locus (Table 2; 
Figure 3).  These proteins are so highly divergent from other AgGrs that in TBLASTN searches 
they find no other matches in the genome, explaining why they were not discovered by Hill et al. 
(2002).  Initially, gene models for only two of these new AgGrs were available from Ensembl, 
however neither was complete for the C-terminus, hence they could not be found by PSI-
BLASTP searches at NCBI because the only conserved motif was absent.  These raise our 
previously reported An. gambiae Gr repertoire of 76 Grs encoded by 52 genes (Hill et al. 2002) 
to 90 Grs encoded by 60 genes, and suggest that there might be additional undetected highly 
divergent Grs in either or both species.  In addition, comparisons of AaGr and AgGr gene models 
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allowed for refinement of 15 AgGr gene models.  The eight newly recognized and 15 refined 
AgGr gene models have been communicated to VectorBase for inclusion in the next release of 
the An. gambiae genome annotation, which will also be deposited in Ensembl. 
 
3.3.3 Orthologous Grs in the two mosquitoes 
 Phylogenetic analysis comparing the AaGrs with the entire set of AgGrs reveals several 
instances of highly conserved apparent orthologs, most prominently the AaGr1-3 and AgGr22-24 
subfamily lineages which share 72-89% identity (Figure 2A).  The orthologs of AaGr1:AgGr22 
and AaGr3:AgGr24 in D. melanogaster are DmGr21a and DmGr63a, respectively (Hill et al. 
2002), with an Aedes:Drosophila amino acid identity of 70% and 60%, respectively.  DmGr21a 
and DmGr63a have recently been shown to function as a heterodimeric receptor for carbon 
dioxide (Jones et al. 2007; Kwon et al. 2007), which is a major chemical cue used by mosquitoes 
to find their vertebrate hosts. 
 Another prominent conserved subfamily is related to the trehalose receptor of D. 
melanogaster, DmGr5a (Chyb et al. 2003) (Figure 2A).  There are seven relatives of DmGr5a in 
the D. melanogaster genome, all of which are therefore candidate sugar receptors (Robertson et 
al. 2003).  An. gambiae also has eight genes in this lineage (AgGr14-21) (Hill et al. 2002), and 
Ae. aegypti has apparently simple orthologs for each of these (AaGr4-13) ranging in amino acid 
identity from 39% to 65%, except that AaGr8 and AaGr13 are pseudogenes most closely related 
to AgGr19 (31% and 34% identity, respectively), and AaGr12 is a truncated pseudogenic copy of 
AaGr11 not shown in Figure 2A.  If these are indeed all sugar receptors then it might be of 
biological interest that Ae. aegypti apparently does not have the sensory capacity conferred upon 
An. gambiae by AgGr19.  These eight mosquito candidate sugar receptors are not simple 
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orthologs of the eight in Drosophila (Hill et al. 2002; Robertson and Wanner 2006; Kent and 
Robertson 2007 unpublished data).  Consequently, drawing connections to the ligand-specificity 
of these proteins in Drosophila, once established, will not necessarily be straight-forward. 
 Other apparent simple 1:1 orthologs include AaGr73:AgGr53 (71% amino acid identity), 
AaGr34:AgGr25 (70%), AaGr14:AgGr2 (54%), AaGr64:AgGr46 (47%), AaGr48P/75P:AgGr35 
(43%), AaGr31:AgGr38 (37%), AaGr77:AgGr42 (32%), and AaGr41:AgGr48 (28%) in Figure 
2B/C.  In addition, AaGr30P is a pseudogene relative of AgGr47 truncated by apparent loss of 
the last two exons (37% identity in shared N-terminal region).  Of the ortholog pairs listed, only 
AaGr34:AgGr25 and AaGr14:AgGr2 show conservation to D. melanogaster, specifically with 
DmGr43a and DmGr66a, respectively (Hill et al. 2002; Robertson and Wanner 2006), having an 
Aedes:Drosophila amino acid identity of 40% and 37%, respectively.  Interestingly, DmGr66a 
was recently demonstrated to be required for caffeine perception in Drosophila (Moon et al. 
2006), suggesting a similar role for its orthologs in mosquitoes.  Despite their conservation in 
mosquitoes at 71% amino acid identity, second only to the carbon dioxide subfamily gene 
conservation, Drosophila species do not have an ortholog of the AaGr73/AgGr53 gene pair, and 
this conserved gene is absent from the silkmoth, flour beetle, and honey bee genomes.  These 
eight orthologous pairs are likely to have similar ligands and roles in the two mosquitoes, and 
sometimes even Drosophila, and AaGr73:AgGr53 is of particular interest as an apparently 
mosquito-specific receptor.  Another noteworthy “orthologous” relationship is the many-to-one 
association of the alternatively-spliced locus AaGr19:AgGr33, which also has an alternatively-
spliced ortholog in Drosophila, DmGr28b (Hill et al. 2002), and even distant relatives in honey 
bee (Robertson and Wanner 2006).  Other “orthologous” relationships of alternatively-spliced 
loci, including AaGr20:AgGr37, AaGr33:AgGr44, AaGr39/40:AgGr9, and 
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AaGr67/68:AgGr56a-f, do not show conservation in Drosophila, and are detailed further below. 
 
3.3.4 Mosquito-specific Grs 
 There are many highly divergent AaGrs and AgGrs without obvious orthologs in the other 
species, and it is likely that for many of them the ortholog in the other species has been lost.  The 
remaining genes in each species represent candidates for mediating species-specific behaviors.  
Expanded Gr subfamily lineages in Aedes and Anopheles are scattered throughout the 
phylogenetic tree and highlighted in Figures 2B and 2C.  The largest of these in Aedes is a 
subfamily of eight genes and in Anopheles, a subfamily of five genes (Figure 2C).  These too 
likely mediate species-specific behaviors. 
 Several of the alternatively-spliced genes also exhibit species-specific expansions (Figures 
2 and 3), and for three of them (AaGr20:AgGr37, AaGr39/40:AgGr9, and AaGr67/68:AgGr56) 
the tree suggests that most or all of the alternative splicing originated independently in each 
species lineage.  The second locus is particularly complicated because it is duplicated in Aedes 
(AaGr39/40), and different alternatively-spliced isoforms have become pseudogenes in the two 
loci (Figure 3), leaving a set of six intact Grs in Aedes compared with 14 in Anopheles.  These 
alternatively spliced loci encode Gr isoforms that differ in their N-termini but share a common 
C-terminus (Figure 3), an architecture also shared by several DmOrs and DmGrs (Clyne et al. 
1999, 2000; Robertson et al. 2003) and one AaOr locus (Bohbot et al. 2007).  The extent of 
shared sequence varies from gene to gene, but the differing N-terminal regions are always at 
least one half of the protein, are usually encoded by a single long alternatively-spliced 5’ exon, 
and are presumed to confer distinct ligand-binding properties on the resultant protein isoforms.  
Because the isoforms from each locus cluster with each other by species in the Gr tree (Figure 2), 
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it appears that they originated independently in each mosquito lineage over the past ~150 million 
years (Myr) since the split of the culicine (Aedes) and anopheline (Anopheles) subfamily 
lineages (Krzywinski et al. 2006).  However, this conclusion could be biased by the necessary 
inclusion of the shared C-terminal sequences for each isoform in the alignments on which the Gr 
tree is based, which would tend to cause the isoforms from each species to cluster within the 
species rather than with potentially orthologous isoforms from the other species.  Therefore we 
do not include bootstrap support values for these branches in Figure 2.  
 To address this issue further, we undertook focused phylogenetic analysis of each set of 
alternatively spliced loci, and after alignment of their encoded isoforms removed the shared C-
terminal regions so that the phylogenetic analyses were based only on their differing N-terminal 
regions encoded by the long alternatively-spliced exons.  Ideally these analyses should be rooted 
with the next closest Gr protein sequence in the tree declared as the outgroup, however, in the 
absence of the conserved C-terminal regions these relatives are usually so highly divergent as to 
be ineffective as outgroups, hence these subtrees are rooted at the midpoint, which still reveals 
how they evolved.  These subtrees in Figure 4 largely support the inference that at each locus 
most or all of the alternatively spliced forms originated independently in each mosquito lineage.  
The only clear-cut exception is AaGr20:AgGr37 where two alternatively-spliced N-terminal 
exons appear to have been present before these mosquito lineages split (purple branches in 
Figure 4B) and they both were subsequently duplicated independently and repeatedly in each 
mosquito.  
 The argument for independent origin of splice forms is further supported by comparison of 
the AaGr39/40 and AgGr9 loci.  In the former case there is an upstream solo copy of a 
paralogous gene (AaGr37/38, see Figure 3A), while in the latter there are two downstream 
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paralogous solo loci (AgGr10 and 11, see Hill et al. 2002).  It nevertheless seems more than 
coincidental that all three of these orthologous loci should have undergone such extensive 
duplication of their alternatively-spliced 5’ exons independently in each lineage, and we propose 
that in fact they were alternatively spliced in their common mosquito ancestor, but that each 
lineage lost all but one (or two for AaGr20 and AgGr37) of these alternative 5’ exons 
independently and ended up with non-orthologous 5’ exons which were subsequently duplicated 
again independently in each mosquito lineage.  Such extensive loss of Gr coding sequences is to 
be expected.  Indeed as noted above, orthologs of many of the Grs in each species have clearly 
been lost from the other (Figure 2) and similar losses and duplications are seen even in close 
comparisons of 1-50 Myr-old Drosophila species (Nozawa and Nei 2007; Guo and Kim 2007; 
HMR unpublished data). 
 Finally, there are several AaGr pairs that seem to represent extremely recent duplication 
events within the Aedes lineage, however an alternative explanation is that these are alternative 
assemblies of haplotypes or alleles.  For example, AaGr27 is almost identical to AaGr28, but is 
encoded by a 7kb contig that is >90% percent identical over >90% length to the equivalent 
region of the AaGr28 contig.  Similarly, AaGr21/22 are very similar to AaGr58/59, and the 7 kb 
contig that encodes them is 95% identical to the start of the contig that encodes AaGr58/59.  We 
excluded four other examples of gene fragments in short contigs entirely represented elsewhere 
within much larger contigs from the gene set as representing alternative haplotypes or alleles.  
The almost identical AaGr15/51 duplication appears to be real, however, in an inverted 
orientation in the same contig.  Additionally, the AaGr48P/75P duplication copies are in tandem 
in neighboring contigs and 90% amino acid identical but with different stop codons inactivating 
them.  Finally, the AaGr36/52P pair are clearly separate loci with equal read depths of about 8X 
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each, yet AaGr52P has an insertion of a copy of the 6.3 kb Loner_Ele2 retrotransposon 
documented in the TEfam database (see Nene et al. 2007 supplementary info). 
 
3.4 DISCUSSION 
 Using the AaegL1 assembly of the Aedes aegypti genome sequence, we report our 
annotation of this mosquito’s 114 identifiable Grs and their phylogenetic relationships with 
previously annotated members of this gene family in other insects, primarily the African malaria 
vector mosquito, Anopheles gambiae.  We have chosen to number these AaGrs sequentially and 
independently of the AgGr numbering system, despite the fact that several of them are apparent 
orthologs of AgGrs (Figure 2 and Table 1).  Despite the similarities between the genes, we 
believe that coordinating the naming schemes would introduce a level of ambiguity with respect 
to the inferred significance of the names.  Confident orthology cannot be garnered at the 
exploratory level, and by prematurely extending putative orthology to a permanent name, we 
would in some cases lose clarity in defining where the orthology actually ends. 
 Our analysis reveals remarkable similarities between these distantly related mosquitoes.  If 
we were to tally our final AaGr number in the same manner as done with the AaOrs (Bohbot et 
al. 2007), six pseudogene fragments and four excluded alternative haplotypes would bring the 
total to 124.  However, when we take into account pseudogenes and possible alternate haplotype 
loci and focus on functional genes, there are 91 AaGrs.  This is essentially the same as the 
AgGrs, now totaling 90.  Remarkably, there are no apparent pseudogenes in Anopheles, although 
a few unannotated fragments may have indicated that some lost genes had already evolved 
beyond the scope of our identification.  This pattern of additional pseudogenes in Aedes reflects 
the accumulation of transposons in more than 50% of the genome sequence (Nene et al. 2007). 
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 One of our more noteworthy findings is that AaGr1:AgGr22 and AaGr3:AgGr24 are 
among the most highly conserved putative orthologs found in the mosquito Gr repertoire.  These 
two proteins form a heterodimeric receptor for carbon dioxide perception (Jones et al. 2007; 
Kwon et al. 2007).  The high amino acid conservation in these two orthologous pairs, extending 
to the D. melanogaster orthologs at 70% and 68% identity, respectively, presumably reflects 
stringent requirements for their structures both for heterodimerization and binding of carbon 
dioxide or a derivative such as HCO3.  These two proteins are also encoded by the silkmoth, 
Bombyx mori Linnaeus, and flour beetle, Tribolium castaneum (Herbst), genomes at 69/67% and 
61/60% identity, respectively (unpublished results), however the entire gene lineage is absent 
from the more basal honey bee Apis mellifera genome (Robertson and Wanner 2006).  D. 
melanogaster has lost the third even more highly conserved gene in this subfamily, 
AaGr2:AgGr23 (89% identity, and 74% to B. mori and 63% to T. castaneum), and this gene loss 
occurred over 50 Myr ago because it is not present in the other 12 Drosophila species whose 
genome sequences are now available (see Robertson 2005).  Ammonia is another gas detected by 
mosquitoes in their perception of mammalian hosts (Geier et al. 1999; Meijerink et al. 2001; 
Smallegange et al. 2005; Qiu et al. 2006), however Drosophila flies can perceive this gas (Yao et 
al. 2005), so AaGr2:AgGr23 seem unlikely to be involved in its perception.  Nevertheless the 
extraordinary conservation of AaGr2:AgGr23 argues for an important and widespread role in 
insect chemoperception. 
 At the other extreme, these two mosquito lineages exhibit several lineage-specific Grs, 
and in particular almost all the alternatively-spliced isoforms appear to have evolved subsequent 
to the culicine-anopheline split ~150 Myr ago.  Each of the Grs we have reported must ultimately 
be involved in the mosquito’s ability to perceive chemicals in its environment, thus impacting 
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the animal’s behavior and ecology.  Some of these behaviors are particularly relevant to vector 
and disease control.  The obvious next step will be to define the ligands of these receptors (e.g. 
Chyb et al. 2003; Wanner et al. 2007).  With this information in hand, we can begin to work on 
developing novel methods of disrupting mosquito ability to perceive its human host, improving 
our ability to control disease transmission. 
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FIGURES AND TABLES 
 
 
 
Figure 1.  Phylogenetic relationships and approximate ages of the insects and related arthropods 
for which genomic sequences are available.  Figure is updated from the Honeybee Genome 
Sequencing Consortium (2006) and taken from Robertson and Kent (2009), in which we 
introduce the convention of using Gr1, 2 and 3 for orthologs of AgGr22, 23 and 24, respectively 
in all insect lineages.  Absences of these gene lineages are indicated on the right.  Species in red 
have published genomes, while those in blue have publicly available genome assemblies.   
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Figure 2 A-C.  Phylogenetic relationships of the Ae. aegypti and An. gambiae Grs.  The tree is 
rooted at the midpoint in the absence of a clear outgroup.  Bootstrap support from 10,000 
replications is shown on the relevant branch points, except that bootstrap values are not shown 
within the three largest alternatively-spliced loci, as explained in the text.  Lineages of particular 
interest are highlighted on the right.  AaGr names and branches are in blue, AgGr in red, and 
shared branches with bootstrap support are in purple.  AaGr12P, 24P, and 30P were not included 
in the phylogenetic analysis as they are missing their C-terminal regions and the absence of this 
conserved region leads to artifactually long branches in the tree.  AaGr12P is a close 
pseudogenic relative of AaGr11, AaGr24P is most similar to AaGr25, and AaGr30P is the 
apparent ortholog of AgGr47.  Protein names followed by a “P” are pseudogenic and shown in 
lighter blue. 
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Figure 2, continued 
 
B 
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Figure 2, continued 
C 
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Figure 3.  Schematic diagrams of four of the eight Ae. aegypti gustatory receptor (AaGr) loci 
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and one new An. gambiae Gr locus inferred to be alternatively-spliced (not drawn to scale).  All 
genes are shown as 5’3’ with the alternatively-spliced N-terminal exon on the left and the 
shared C-terminal exons on the right, while the contigs that encode them might be oriented in 
either direction (indicated by arrows).  A. AaGr39 and AaGr40 are thought to result from a 
duplication event in Ae. aegypti resulting in splice isoforms with high similarity in both amino 
acid sequence and proposed splicing patterns.  In some cases, splice isoforms have become 
pseudogenes (light boxes) in one or both genes.  Isoforms with dashed 3’ ends were only 
partially annotated as a result of reaching the end of a contig.  The first exon encoding the shared 
C-terminus of AaGr39 (shown on contig 12,000) was not found (dotted outline box).  Like other 
parts of the AaGr40 locus, which crosses shorter contigs that are not as well assembled as those 
encoding AaGr39, the two C-terminal exons were only found in raw trace reads.  It cannot 
formally be determined whether the traces correspond to AaGr40 exclusively or AaGr39 as well.  
Dashed splice lines indicate instances where sequence was not complete enough to find the 
splice donor.  The upstream loci AaGr37 and AaGr38P also appear to be the result of the same 
duplication, but with a 2.5kb transposon inactivating the latter through insertion in the second 
exon (dashed line).  B. The AaGr20 locus.  C. The AaGr67 locus.  D. The AaGr33 locus.  E. The 
AgGr56 locus. 
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Figure 4.  Phylogenetic analysis of four alternatively spliced AaGr loci using only the unique N-
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terminal regions of the various isoforms they encode.  All trees were rooted at the midpoint.  
Other methods and conventions as in Figure 2.  A. The recently duplicated AaGr39 and AaGr40 
loci with the orthologous AgGr9 locus.  B. The orthologous AaGr20 and AgGr37 loci.  C. The 
duplicated AaGr67-70 loci and the orthologous AgGr56 locus.  D. The orthologous AaGr33 and 
AgGr44 loci. 
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Table 1.  Details of the 79 AaGrs including genomic location, current annotations, and comments on the gene models. 
 
Gene 
Name 
Putative 
Ortholog 
GenBank 
Contig Supercontig 
Base pair range 
on supercontig 
AaegL1.1 VectorBase 
Accession # 
AaegL1.1 GenBank 
Accession # Comments 
                
AaGr1 AgGr22 1.3634 1.55 922180-894114 AAEL002380 EAT46439.1   
AaGr2 AgGr23 1.3358 1.50 1749145-1747646 AAEL002167 EAT46689.1   
AaGr3 AgGr24 1.17909 1.450 643060-644583 AAEL010058 EAT38010.1   
AaGr4 AgGr15 1.39 1.1 2297653-2299068 AAEL000048 EAT48931.1 AaegL1.1 includes extra 16 aa at N-terminus. 
AaGr5 AgGr16 1.40 1.1 2320762-2323613 AAEL000043 EAT48932.1 AaegL1.1 and our version differ in the first 32 aa. 
AaGr6 AgGr20 1.46 1.1 2681591-2683193 AAEL000012 EAT48938.1   
AaGr7 AgGr21 1.45 1.1 2593701-2614090 AAEL000060 EAT48937.1 AaegL1.1 missing first 40 aa. 
AaGr8P AgGr19 1.41 1.1 2396677-2384265 AAEL000069 EAT48936.1 Pseudogene: stop codon in first exon.  AaegL1.1 missing first 57 aa. 
AaGr9 AgGr17 1.40 1.1 2348850-2350981 AAEL000075 EAT48934.1   
AaGr10 AgGr18 1.40 1.1 2334445-2348734 AAEL000082 EAT48933.1 AaegL1.1 missing first 6 aa. 
AaGr11 AgGr14 1.20181-1.20180 1.548 103691-93118 AAEL011174 EAT36763.1 AaegL1.1 missing first 91 aa. 
AaGr12P AgGr14 1.31680 1.1446 94601-95745 AAEL015071 EAT32706.1 Pseudogene; interrupted by transposon.  AaegL1.1 missing first 91 aa. 
AaGr13P AgGr19 1.14978 1.339 1222635-1224116 
SUPP_AEDES008446 
and 
SUPP_AEDES008454 
  
Pseudogene; stop codon in first exon.  AaegL1.1 
supplementary peptides match aa 1-65 and 213-385, 
resp. 
AaGr14 AgGr2 1.21018 1.590 30124-37038 AAEL011571 EAT36329.1 AaegL1.1 adds 88 aa to N-terminus. 
AaGr15   1.14987 1.340 299396-298037       
AaGr16   1.14986 1.340 232802-234345       
AaGr17   1.14986 1.340 244814-247018 SUPP_AEDES008465   AaegL1.1 supplementary peptides match aa 56-169. 
AaGr18 AgGr4 1.14986 1.340 267063-268305       
AaGr19a   1.20006 1.539 496893-534546 SUPP_AEDES010755   AaegL1.1 supplementary peptides match aa 1-179. 
AaGr19b   1.20007 1.539 510124-534546 AAEL011077 EAT36879.1 AaegL1.1 missing first 99 aa and last 96 aa. 
AaGr19c   1.20008-1.20009 1.539 522771-534546 AAEL011073 and SUPP_AEDES014926 EAT36880.1 AaegL1.1 supplementary peptides match aa 193-354. 
AaGr20a   1.13511 1.290 1031309-920885       
AaGr20b   1.13511 1.290 1029522-920885       
AaGr20cP   1.13511 1.290 1014213-920885     Pseudogene; frameshift in first exon.   
AaGr20d   1.13511 1.290 1010330-920885       
AaGr20e   1.13511 1.290 999491-920885 AAEL007937 EAT40328.1 AaegL1.1 differs/missing last 146 aa. 
AaGr20f   1.13511 1.290 985517-920885 AAEL007935 EAT40327.1 AaegL1.1 appears to translate through parts of introns. 
AaGr20g   1.13511 1.290 984173-920885 AAEL007935 EAT40327.1 AaegL1.1 appears to translate through parts of introns and appends 160 extra aa at N-terminus. 
AaGr20h   1.13511 1.290 971628-920885       
AaGr20i   1.13511 1.290 941989-920885       
AaGr20j   1.13511 1.290 940741-920885       
AaGr20kP   1.13510 1.290 931477-920885     Pseudogene; stop codon in first exon.   
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Table 1, continued. 
 
 
Gene 
Name 
Putative 
Ortholog 
GenBank 
Contig Supercontig 
Base pair range 
on supercontig 
AaegL1.1 VectorBase 
Accession # 
AaegL1.1 GenBank 
Accession # Comments 
        
AaGr21   1.24951 1.804 137675-136386 AAEL013192 EAT34575.1 AaegL1.1 missing much of the last 77 aa. 
AaGr22   1.24951 1.804 135737-134357 AAEL013190 EAT34574.1   
AaGr23   1.24950 1.804 100268-101638 AAEL013196 EAT34571.1   
AaGr24P   1.24950 1.804 106866-107730 SUPP_AEDES012681   Pseudogene; two stop codons in first exon.  AaegL1.1 supplementary peptides match aa 1-132.  
AaGr25   1.24950 1.804 111266-112640 AAEL013193 EAT34572.1 AaegL1.1 missing last 28 aa, and differs in its first intron boundaries. 
AaGr26   1.24950 1.804 123735-122387 AAEL013195 EAT34573.1 AaegL1.1 differs in its second intron boundaries. 
AaGr27   1.34685 1.3237 1978-3327 AAEL015556 EAT32317.1   
AaGr28   1.18321 1.467 681026-679677 AAEL010277 EAT37763.1   
AaGr29   1.18319 1.467 602167-603447 AAEL010275 EAT37762.1 AaegL1.1 missing first 30 aa. 
AaGr30P   1.26154 1.889 214955-216699 AAEL013646 EAT34079.1 Pseudogene; C-terminus deleted.  AaegL1.1 missing first 21 aa and last 67 aa. 
AaGr31C AgGr38 1.13506-1.13505 1.290 539562-532983 AAEL007933   EAT40324.1 Partially annotated; unable to resolve C-terminus.  AaegL1.1 missing last 48 aa. 
AaGr32   1.18322 1.467 726756-742750 SUPP_AEDES010098 and SUPP_AEDES010086   
AaegL1.1 supplementary peptides match aa 1-272 
and 1-125, resp. 
AaGr33a   1.9018 1.168 1143715-1152756 SUPP_AEDES005411   AaegL1.1 supplementary peptides match aa 322-398. 
AaGr33b   1.9018 1.168 1148504-1152756 SUPP_AEDES005411   AaegL1.1 supplementary peptides match aa 143-266, 327-403. 
AaGr34 AgGr25 1.244 1.3 1696832-1653660 AAEL000162 EAT48790.1 AaegL1.1 missing 7th exon and last 87 aa. 
AaGr35   1.3605 1.54 3104490-3103063 SUPP_AEDES002361   AaegL1.1 supplementary peptides match aa 22-345. 
AaGr36   1.701 1.8 4564006-4562590       
AaGr37   1.11997 1.246 1522840-1524097       
AaGr38P   1.27227 1.965 55071-58797     Pseudogene; interrupted by transposon.   
AaGr39a   1.11997-1.12000 1.246 1561309-1601062       
AaGr39bP   1.11998-1.12000 1.246 1566147-1601062     Pseudogene; frameshift in first exon.   
AaGr39cP   1.11998-1.12000 1.246 1572168-1601062     Pseudogene; early frameshift in first exon.   
AaGr39dP   1.11998-1.12000 1.246 1573912-1601062     Pseudogene; stop codon in first exon.   
AaGr39e   1.11998-1.12000 1.246 1584353-1601062       
AaGr39fP   1.11998-1.12000 1.246 1586772-1601062     Pseudogene; stop codon in first exon.   
AaGr39gP   1.11998-1.12000 1.246 1588388-1601062     Pseudogene; early frameshift in first exon.   
AaGr39hP   1.11999-1.12000 1.246 1598834-1601062     Pseudogene; stop codon in first exon.   
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Table 1, continued. 
 
Gene 
Name 
Putative 
Ortholog 
GenBank 
Contig Supercontig 
Base pair range 
on supercontig 
AaegL1.1 VectorBase 
Accession # 
AaegL1.1 GenBank 
Accession # Comments 
        
AaGr40aP   1.27228-? 1.965 103063-     Pseudogene; early frameshift and stop codon in first exon.   
AaGr40b   1.27229-? 1.965 107323-       
AaGr40c   1.27229-? 1.965 117663-       
AaGr40dP   1.27229-? 1.965 119415-     Pseudogene; stop codon in first exon. 
AaGr40e   1.27230-? 1.965 127067-       
AaGr40fP   - - -     Pseudogene; found in trace files only. 
AaGr40g   - - -     Found in trace files only. 
AaGr40hP   1.27231-? 1.965 138763-139050     Pseudogene; stop codon in first exon. 
AaGr41 AgGr48 1.10557 1.208 1602623-1601167 AAEL006500 EAT41925.1 AaegL1.1 missing last 162 aa. 
AaGr42   1.10557 1.208 1602697-1604191       
AaGr43   1.10557 1.208 1605186-1606886       
AaGr44   1.10556 1.208 1521955-1520529 SUPP_AEDES006276   AaegL1.1 matches aa 144-273 and 324-347. 
AaGr45   1.10556 1.208 1535088-1523536 AAEL006494 EAT41923.1 AaegL1.1 matches ours only from 3rd through 4th exons.  
AaGr46   1.10556 1.208 1593009-1591578 SUPP_AEDES006283   AaegL1.1 matches aa 368-417. 
AaGr47   1.10554 1.208 1318760-1320644       
AaGr48P   1.10889 1.217 1150040-1148630     Pseudogene; stop codon in first exon.   
AaGr49   1.18322 1.467 742842-744310 
SUPP_AEDES010089 
and 
SUPP_AEDES010100 
  AaegL1.1 matches aa 28-211 and 232-398, resp. 
AaGr50P   1.18322 1.467 777066-778434 SUPP_AEDES010090   Pseudogene; frameshift in first exon.  AaegL1.1 matches aa 49-97 and 293-371. 
AaGr51   1.14987 1.340 302609-303968       
AaGr52P   1.3607 1.54 3172207-3164557     Pseudogene; interrupted by transposon.   
AaGr53   1.18323 1.467 802925-801556 AAEL010279 EAT37764.1   
AaGr54   1.18323 1.467 805546-804176 
SUPP_AEDES010092 
and 
SUPP_AEDES010093 
  AaegL1.1 matches aa 1-120 and (174-312 + 366-393), resp. 
AaGr55   1.18324 1.467 829268-827893 AAEL010274 EAT37765.1 AaegL1.1 missing first and last 81 aa. 
AaGr56   1.18324 1.467 845688-847078 AAEL010278 EAT37766.1 AaegL1.1 missing first intron. 
AaGr57   1.18324 1.467 854747-853359 AAEL010272 EAT37767.1 AaegL1.1 missing last 196 aa. 
AaGr58   1.24952 1.804 139951-141240 AAEL013200 EAT34576.1 AaegL1.1 is a combination of GPRgr58 and GPRgr59; it matches our version only through the first 306 aa. 
AaGr59   1.24952 1.804 141457-142836 AAEL013200 EAT34576.1 AaegL1.1 is a combination of GPRgr58 and GPRgr59; it matches our version only through the last 353 aa. 
AaGr60   1.13510-1.13509 1.290 908743-888437 
SUPP_AEDES007704 
and 
SUPP_AEDES007695 
  AaegL1.1 matches aa 1-204 and (204-257 + 323-407), resp. 
AaGr61   1.13508-1.13509 1.290 830477-875333 SUPP_AEDES007702   AaegL1.1 matches aa 315-338 and 368-399. 
AaGr62   1.13508 1.290 805173-812399 SUPP_AEDES007702   AaegL1.1 matches aa 1-76 and 119-257. 
AaGr63 AgGr45 1.11712 1.238 814303-801691 SUPP_AEDES006853   AaegL1.1 matches aa 72-240 and 241-294. 
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Table 1, continued. 
 
 
Gene 
Name 
Putative 
Ortholog 
GenBank 
Contig Supercontig 
Base pair range 
on supercontig 
AaegL1.1 VectorBase 
Accession # 
AaegL1.1 GenBank 
Accession # Comments 
        
AaGr64I AgGr46 1.11712-1.11715 1.238 836965-918890 AAEL007142 and SUPP_AEDES006859 EAT41198.1 
Partially annotated; internal exons missing from 
annotation.  AaegL1.1 matches ours  only through first 
253 aa.  AaegL1.1 supplementary peptides match aa 
360-417. 
AaGr65   1.14987 1.340 292334-290974       
AaGr66   1.14986 1.340 280911-282245       
AaGr67a   1.17432 1.430 959198-915385 SUPP_AEDES009701 and SUPP_AEDES009702   
AaegL1.1 matches aa 289-365 and (1-288 + 34-288; 
two different regions), resp. 
AaGr67b   1.17432 1.430 952565-915385 same as above   same as above 
AaGr67c   1.17432 1.430 943287-915385 SUPP_AEDES009702   AaegL1.1 matches aa 1-288. 
AaGr67d   1.17432 1.430 938093-915385 SUPP_AEDES009686   AaegL1.1 matches aa 261-305. 
AaGr67eP   1.17430 1.430 920003-915385 SUPP_AEDES009701   Pseudogene; frameshift in first exon.  AaegL1.1 supplementary peptides match aa 117-377. 
AaGr67f   1.17430 1.430 916686-915385 SUPP_AEDES009701   AaegL1.1 matches aa 289-366. 
AaGr68a   1.17429 1.430 886266-884970 SUPP_AEDES009704   AaegL1.1 matches aa 264-366. 
AaGr68b   1.17428 1.430 905705-884970 SUPP_AEDES009701 and SUPP_AEDES009704   AaegL1.1 matches aa 100-301 and 301-378, resp. 
AaGr69   1.17428 1.430 884290-876803       
AaGr70   1.28444 1.1070 249414-248120 SUPP_AEDES009704   AaegL1.1 matches aa 264-363. 
AaGr71   1.28444-1.28442 1.1070 246143-229686 SUPP_AEDES013919   AaegL1.1 matches aa 142-290. 
AaGr72I   1.21065 1.593 574451-584358     Partially annotated; internal exons missing from annotation. 
AaGr73I AgGr53 1.19698 1.526 483899-529565 
AAEL010962, 
SUPP_AEDES010636 and 
SUPP_AEDES010633 
EAT36998.1 
Partially annotated; internal exons missing from 
annotation.  AaegL1.1 missing first 72 aa.  AaegL1.1 
supplementary peptides match 1-72 and 73-132, resp. 
AaGr74a   1.26594 1.918 229714-287726 
SUPP_AEDES013275, 
SUPP_AEDES009690 and 
SUPP_AEDES013279 
  AaegL1.1 matches aa 1-274, 1-219, and 297-328 resp. 
AaGr74b   1.26596 1.918 269060-287726 SUPP_AEDES013282 and SUPP_AEDES013279   AaegL1.1 matches aa 23-295 and 329-360, resp. 
AaGr74c   1.26596 1.918 270575-287726 SUPP_AEDES013282 and SUPP_AEDES013279   AaegL1.1 matches aa 145-284 and 307-338, resp. 
AaGr75P   1.10891 1.217 1159284-1157910 SUPP_AEDES006470   Pseudogene; stop codon in first exon.  AaegL1.1 supplementary peptides match aa 329-394. 
AaGr76   1.16782 1.405 885272-860883 AAEL009545 EAT38580.1   
AaGr77 AgGr42 1.13507 1.290 667711-610378 AAEL007940 and SUPP_AEDES007693 EAT40325.1 
Partial match; AaegL1.1 protein is only 125 aa long; 
matches our annotation from aa 135-229.  AaegL1.1 
supplementary peptides match aa 274-430. 
AaGr78   1.21573 1.616 563816-565425 SUPP_AEDES011407   AaegL1.1 matches aa 1-126. 
AaGr79   1.14986 1.340 261762-260371       
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Table 2.  Details of the 13 newly recognized AgGrs including genomic location, current annotations, and comments on the gene 
models. 
 
Gene 
Name Chromosome 
Base pair range on 
chromosome arm 
GenBank     
Accession # 
Base pair range on 
GenBank scaffold  Comments 
AgGr53 2R 24698605-24694665 AAAB01008859.1 6834985-6838925 
GenBank version differs in last 
intron boundary. 
AgGr54 2R 54385686-54384164 AAAB01008898.1 548989-547467   
AgGr55 2L 39995592-39994248 AAAB01008807.1 9368734-9370078   
AgGr56a 
2L 27145481-27137739 AAAB01008960.1 13201059-13193317 
AgGr56b 2L 27144445-27137739 AAAB01008960.1 13200023-13193317 
AgGr56c 2L 27143405-27137739 AAAB01008960.1 13198983-13193317 
AgGr56d 2L 27142291-27137739 AAAB01008960.1 13197869-13193317 
AgGr56e 2L 27141048-27137739 AAAB01008960.1 13196626-13193317 
AgGr56f 2L 27139089-27137739 AAAB01008960.1 13194667-13193317 
GenBank version concatenates 
splice variants into one massive 
gene. 
AgGr57 2L 2624121-2627818 AAAB01008968.1 1406954-1403257   
AgGr58 2R 454505-453144 AAAB01008987.1 15768093-15769454   
AgGr59 2R 568742-567440 AAAB01008987.1 15653856-15655158   
AgGr60 2R 446801-445364 AAAB01008987.1 15775797-15777234   
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